Enterobacter sakazakii is an opportunistic pathogen that has been associated with food-borne illness in neonates (12, 24, 25) . Powdered infant formula has been implicated as a source of intrinsic E. sakazakii, but extrinsic contamination at reconstitution and improper handling have also been linked with cases of infection (4, 25) . Organisms identified as E. sakazakii have been shown to represent multiple species, and an alternative classification of E. sakazakii as five species within a novel genus, "Cronobacter", has been proposed (20) .
Lipopolysaccharide (LPS) is a major component of the outer membrane of gram-negative bacteria. This is composed of three parts, a complex lipid, called lipid A (consisting of sugars and fatty acids), that anchors the structure to the outer membrane, a conserved core oligosaccharide, and variable polysaccharide side chains (O antigen) that extend from the latter core. The O antigen is a major surface antigen present in gram-negative bacteria, and it is responsible for serological diversity. In these bacteria, LPS contains many oligosaccharide units (individual O units consisting of between 3 and 6 sugars) with typically between 10 and 30 repeats (23, 42, 47) . Genes involved in O-antigen synthesis and downstream assembly map to the rfb locus located between the galF and gnd genes in many Enterobacteriaceae. The O-antigen locus varies in size for each serotype depending on the sugar composition and complexity of the antigen structure (34) . O-antigen serotypes emerge as a consequence of the gene content rather than sequence variation at this locus (44) . Usually three gene types map to the O-antigen gene cluster, and these include the following: (i) genes that code for enzymes involved in the synthesis of sugars forming the O subunit, (ii) genes that encode glycosyltransferases, involved in the assembly of sugar substituents in the O subunit, and (iii) those genes that code for the transporter (wzx) and polymerase (wzy) proteins necessary for processing and assembly of the O antigen from the O subunit.
The O-antigen gene cluster of E. sakazakii has not been previously characterized. This article describes the molecular characterization of the rfb locus in E. sakazakii. Two major serotypes were identified.
MATERIALS AND METHODS
Bacterial strains. A summary of the E. sakazakii strains used in this study is presented in Table 1 with nomenclature according to the proposed alternative classification as "Cronobacter" species (20) . The collection contained 62 isolates of clinical, food, or environmental origin. All isolates were confirmed to be E. sakazakii by real-time PCR using a primer set and probe targeting the dnaG gene on the macromolecular synthesis operon (35) . All isolates in this study were distinguished by pulsed-field gel electrophoresis, and some were further characterized by 16S rRNA sequencing (data not shown).
DNA isolation. Total DNA was prepared using the Wizard Genomic DNA purification kit (Promega, Madison, WI). DNA concentrations were determined spectrophotometrically. The integrity of the purified template DNA was assessed by conventional agarose gel (1% [wt/vol]) electrophoresis, and DNA preparations were stored at 4°C.
O-antigen gene cluster amplification. The O-antigen gene cluster was identified from the sequence information of Enterobacter sakazakii type strain ATCC BAA-894 provided by Washington University School of Medicine (http://genome.wustl.edu/pub/ organism/Microbes/Enteric_Bacteria/Enterobacter_sakazakii/assembly/Enterobacter _sakazakii-4.0/). Primer pairs Esrfb-F2 (5Ј-TAC CCA CTC CTC CAA GAA CG-3Ј) and Esrfb-R2 (5Ј-TTT CGC CGT AGT TCA GAT CC-3Ј), complementary to galF and gnd, respectively, were designed to amplify the O-antigen gene cluster (MWG Biotech AG, Ebersberg, Germany). A long-range PCR was performed using the Bio-X-ACT Long DNA polymerase kit (Bioline, London, England). PCR amplification was performed in 50-l volumes containing 1ϫ OptiBuffer, containing 4 mM MgCl 2 , 2 mM deoxynucleoside triphosphates, 0.5 M of each primer, 4 U Bio-X-ACT Long DNA polymerase, 100 ng template DNA, and PCR-grade water (Invitrogen, CA). The PCR cycles consisted of initial denaturation at 94°C for 2 min and thirty-five cycles of 94°C for 10 s, 52°C for 30 s, and 68°C for 15 min. A final elongation step at 72°C for 10 min was used. Amplified products were visualized following electrophoresis through a conventional 1.5% (wt/vol) agarose gel stained with ethidium bromide (10 mg/ml) in a 0.5ϫ Trisborate-EDTA (TBE) buffer. Gels were visualized and photographed using the Gel Doc 2000 system (Bio-Rad, Hercules, CA). Amplicon sizes were estimated using Hyperladder IV (Bioline, London, England) and a 1-kb ladder (New England Biolabs, Herts, United Kingdom).
Restriction analysis (O-antigen restriction fragment length polymorphism [RFLP]).
Ten microliters of O-antigen PCR product was digested with 12.5 U MboII (New England Biolabs, Herts, United Kingdom) in the supplied buffer. The mixture was incubated at 37°C for 2 h, followed by a final denaturation step of 70°C for 10 min to denature the endonuclease as it remains attached to DNA after cleavage (6) . Failure to denature the enzyme would result in disturbed electrophoretic migration of DNA. The total volume was visualized by electrophoresis through a conventional 1.5% (wt/vol) agarose gel in a 1.0ϫ TBE buffer at 100 V for 3 h. Fragment sizes were estimated using a 100-bp DNA ladder (New England Biolabs, Herts, United Kingdom) and DNA molecular weight marker XVI (Roche Applied Science, Indianapolis, IN). Following electrophoresis, gels were stained for 25 min in 400 ml deionized water containing 40 l ethidium bromide (10 mg/ml) and then destained with two 20-min washes with 500 ml distilled water. Gels were visualized and photographed using the Gel Doc 2000 system (Bio-Rad, Hercules, CA). DNA fingerprints were stored as TIFFs (tagged image format files) and imported into the BioNumerics software (Applied Maths, Belgium), where dendrograms were created using the Dice coefficient using the unweighted pair group method with arithmetic mean. Band position tolerance and optimization values of 1.5% were used for all analyses. The corresponding complete O-antigen locus from all isolates was digested at least twice from two separate DNA preparations in order to verify the reproducibility of the restriction digest.
Sequence analysis. The O-antigen gene clusters of strains NCTC 11467 and NCTC 8155 were sequenced by double-stranded sequencing and extended by primer walking (GATC-Biotech, Contance, Germany). The Blockmaker program was used to search conserved motifs (19) . The NCBI BLAST service was used to search sequence databases for sequences with homology to the open reading frames (ORFs) that were identified by ORF Finder (http://www.ncbi.nlm .nih.gov/projects/gorf/) (2) . Sequence alignment and comparisons were performed using the ClustalW program (http://www.ebi.ac.uk/clustalw/) (40) . The dense alignment surface method, described by Cserzo et al. (8) , was used to identify potential transmembrane segments (http://www.sbc.su.se/ϳmiklos/DAS).
Serotype O:1-and O:2-specific PCR. Total DNA was prepared using the Wizard Genomic DNA purification kit (Promega, Madison, WI) and quantified by spectrophotometry (NanoDrop, Wilmington, DE). The O:1 serotype-specific PCR used the forward primer ESO:1F (5Ј-CAC GTT CGC CCT GCA AAA AT-3Ј) and a reverse primer, ESO:1R (5Ј-GCA AGC GGC CAG ACT GGA TA-3Ј), designed from sequence information within wehC to generate a 341-bp amplicon. For O:2 serotype PCR, a forward primer, ESO:2F (5Ј-TCC TGC ATT TGT GGA TTT TGC-3Ј), and a reverse primer, ESO:2R (5Ј-AAC GCA TTG CGC TTG AGA AA-3Ј), were designed from sequence information within wehI to generate a 329-bp amplicon. These genes were chosen based on sequence analysis that revealed that these targets were highly conserved. PCR amplification was performed with 50-l volumes containing 1ϫ PCR buffer containing 1.5 mM MgCl 2 (New England Biolabs, Herts, United Kingdom), 100 mM deoxynucleoside triphosphates, 0.1 M of each primer (MWG Biotech AG, Ebersberg, Germany), 2.5 U Taq DNA polymerase (New England Biolabs, Herts, United Kingdom), 100 ng template DNA, and PCR-grade water (Invitrogen, CA). Thermal PCR conditions for O:1 were 95°C for 1 min, followed by 35 cycles of 94°C for 1 min, 56°C for 1 min (annealing), and 72°C for 1 min with a final extension of 72°C for 5 min, while O:2 PCR was annealed at 51°C for 1 min. Amplified products were analyzed by electrophoresis through a 1% (wt/vol) agarose gel at 80 V for 60 min in 1ϫ TBE. Gels were visualized as per restriction analysis.
The specificity of each PCR was assessed using the 62 study isolates and 25 non-E. sakazakii Enterobacteriaceae strains ( Table 1) .
Analysis of E. sakazakii LPS. (i) Cell lysis and proteinase K digestion. Preparation of lysed cells and proteinase K digestion were performed with 12 strains as described previously by Pantophlet et al., (26) with minor modifications. Briefly, overnight cultures were subcultured after 18 h into fresh prewarmed tryptone soy broth at 37°C. Cultures were grown to late exponential phase to an optical density at 610 nm of 0.8 to give 1 ϫ 10 8 cells per ml. Incubation times were strain specific and ranged from 2 to 2.5 h. Following three washing and centrifugation steps with phosphate-buffered saline, the bacterial pellets were solubilized in sample buffer A (200 l, 62.5 mM Tris-HCl [pH 8.0], 2% [wt/vol] sodium dodecyl sulfate [SDS] , and 10% [vol/vol] glycerol) and were stored at Ϫ20°C. For proteinase K digestion, each sample was heated to 100°C for 10 min, followed by addition of proteinase K (750 g in 30 l sample buffer A [Roche, Mannheim, Germany]) and overnight digestion at 60°C. The digested product could be stored at Ϫ20°C if required.
(ii) SDS-PAGE and silver staining. Preparations of proteinase K digests were subjected to SDS-polyacrylamide gel electrophoresis (PAGE) with a 4% (wt/vol) stacking and a 15% (wt/vol) separating gel. 
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RESULTS
O-antigen gene cluster amplification and MboII restriction analysis. Long PCR products, with a size range of between 11 and 12.5 kbp, were detected in all 62 E. sakazakii strains tested (data not shown), using primers targeting the flanking galF and gnd genes. Each amplicon was digested with MboII. Reproducible restriction patterns were obtained in each case, with DNA fragment sizes ranging from 250 through 2,000 bp (Fig.  1) . A number of recurring DNA profiles were evident, containing from 9 to 13 restriction fragments (Fig. 1) . A 400-bp MboII DNA fragment was observed in ATCC BAA-894 (Fig.  1, lane 1) that was not present in other similar O:1 RFLP profiles, including those of E824, NCTC11467, and CFS06 (Fig. 1 ). An in silico-generated MboII restriction map of the 12-kbp region, based on the results from sequencing, failed to identify the corresponding 400-bp DNA fragment. This fragment could be derived from a number of smaller, completely digested DNA fragments within this mix. Alternatively, a polymorphic site in ATCC BAA-894 may have resulted in the generation of a fragment of this size in this isolate. This DNA fragment was not considered when assigning the serotype.
Using fragment analysis software, all profiles were grouped into 12 clusters, consisting of two large cluster groups comprised of 22 and 26 strains. Each cluster group potentially represented a distinct serotype based on PCR-RFLP analysis. The two dominant profiles were selected for complete characterization and designated serotypes O:1 and O:2, respectively (Fig. 2) . The remaining 14 strains were represented by nine other groups composed of between one and three strains. No serotype number was assigned to these strains on this occasion.
Sequence analysis of O-antigen gene clusters.
The corresponding amplicons representing both serotypes derived from E. sakazakii NCTC 11467 (designated serotype O:1) and NCTC 8155 (designated serotype O:2) were sequenced. Nucleotide sequences of 12,188 bp and 12,521 bp, respectively, were obtained. In addition to galF and gnd (designated orf1 and orf13, respectively), 11 individual ORFs were identified. All were orientated in the same transcriptional direction from galF to gnd (Fig. 3) . As in other O-antigen clusters, all genes had a low GϩC content (11, 15, 27, 30) ranging from 50.3% to 28.9% (Table 2 ). These 11 ORFs were assigned functions based on comparisons with the most significant homologues in the current databases and are summarized in Table 2 . Gene names for both serotype-specific amplicons were assigned according to the Bacterial Polysaccharide Gene Nomenclature scheme (http://www.mmb.usyd.edu.au/BPGD/big_paper .pdf) (31) .
O:1 O-antigen gene cluster. Genes rmlA and rmlB (orf2 and orf3) ( Table 2 ; Fig. 3a ) encode a glucose-1-phosphate thymidylyl-transferase and a dTDP-D-glucose 4,6-dehydratase, respectively, catalyzing the conversion of glucose-1-phosphate to a dTDP-6-deoxy-D-xylo-4-hexulose intermediate that represents a branch point for the downstream biosynthetic pathways (33) . The corresponding proteins encoded by these ORFs showed 87 and 81% identity to other known RmlB and RmlA homologues, respectively. The biosynthetic pathway and their corresponding functions have been well characterized for many gram-negative and -positive bacteria (17, 18, 28) .
rml-encoding genes function in the biosynthesis of nucleotideactivated dTDP-L-rhamnose and are usually located toward (20) . The black and gray boxes in this figure indicate profiles of strains corresponding to serotypes O:1 and O:2, respectively, in the dendrogram (see Fig. 1 Table 2 ). The N-terminal part of this ORF protein encoded a transacetylase activity, while the C terminus was predicted to encode an isomerase function and was designated FdtA. The latter is probably responsible for the conversion of dTDP-6-deoxy-D-xylohex-4-ulose into dTDP-6- ). This gene product is thought to be essential for the biosynthesis of dTDP-3-acetamido-3,6-dideoxy-␣-D-galactose (dTDP-D-Fucp3NAc), known alternatively as 3-acetamidofucose. orf5 was determined to encode an acetyltransferase activity and is an important protein family involved in O-antigen biosynthesis (36) . This ORF protein exhibited 49% identity to an acetyltransferase found in E. coli that is involved in the metabolism of nucleotide-activated sugar precursors. BLAST searches revealed highest homologies to genes similar to the FdtC acetyltransferase (Table 2) .
Orf7 was identified as a putative aminotransferase belonging to the DegT/DnrJ/EryC1/StrS aminotransferase family. This ORF protein displayed 58% identity to FdtB, an aminotransferase found in E. coli. Members of this family are probably all pyridoxal-phosphate-dependent enzymes with a variety of molecular functions, including regulation of cell wall biogenesis. BLAST searches revealed homologies to genes similar to the FdtB aminotransferase. In this study, orf7 was designated fdtB ( Table 2) .
Based on previous characterization of the enzymes of the biosynthetic pathway of D-Fucp3NAc in Aneurinibacillus thermoaerophilus, orf4, orf5, and orf7 were designated fdtA, fdtC, and ftdB, respectively (28) . dTDP-activated D-Fucp3NAc, the end product, acts as a precursor for the assembly of structural polysaccharides in gram-positive and -negative organisms.
The protein encoded by orf8 was determined to be a hydrophobic protein, with 12 predicted transmembrane spanning segments, characteristic of the common O-antigen flippase protein (27) . Members of this family are proteins involved in the export of O antigen and teichoic acid. This gene product shared 46% identity to several Wzx proteins in Escherichia coli. When this ORF was analyzed using the Blockmaker program, 10 conserved motifs were revealed (consisting of 31, 25, 24, 42, 37, 41, 16, 45, 40, and 50 residues). The consensus sequences of these motifs were searched using the PSI-BLAST program against the GenPept database, and other distantly related Wzx proteins were retrieved following three iterations. orf8 was therefore proposed to be the O-antigen transporter gene, wzx.
The protein encoded by orf10 is another hydrophobic protein, with 11 predicted transmembrane segments, a characteristic feature of O-antigen polymerase genes (33) . The wzy gene also shared 43% similarity to Wzy proteins of E. coli and Salmonella enterica. When this ORF protein was analyzed using the Blockmaker program, four conserved motifs were revealed (with 37, 33, 32, and 23 amino acids, respectively). Searching PSI-BLAST using these motifs identified other distantly related Wzy proteins after one iteration.
Searches of the current databases using orf6 did not permit precise function-related assignment of gene names on this occasion. Only one corresponding match was identified, against a hypothetical protein in Xanthomonas axonopodis. It was not possible to confidently assign a function to this ORF in E. sakazakii. Therefore, it was designated wehA, encoding a hypothetical protein (Table 2) .
orf9, orf11, and orf12 are members of the glycosyltranferase group 2 family, which transfer a wide range of sugar groups (http://www.cazy.org/fam/acc_GT.html). Orf9 exhibited 28% identity to E. coli WbtE, while Orf11 exhibited 19% identity to WbgQ, a putative glycosyltransferase of Shigella boydii, while Orf12 showed 55% identity to a glycosyltransferase of Shewanella baltica. Therefore, orf9, orf11, and orf12 were proposed to encode putative glycosyltransferases and were designated wehB, wehC, and wehD.
All of the O:1 antigen genes are tightly linked, and some overlapping reading frames occur. The largest of these were identified between orf10 and orf11 (consisting of 14 nucleotides, wherein a start-stop overlap was identified) and orf11 and orf12 (11-nucleotide overlap), which would indicate functional interaction between transcriptional units.
The O-antigen gene cluster of Enterobacter sakazakii NCTC 11467 was 99.1% similar at the nucleotide sequence level to the same region from ATCC BAA-894 (data not shown).
O:2 O-antigen gene cluster. A complete L-rhamnose biosynthetic rml operon was identified in E. sakazakii NCTC 8155 comprising orf2 through orf5 ( Fig. 3b ; Table 2 ). This operon is widely distributed in many gram-negative bacteria, and the four-step biosynthetic pathway produces dTDP-L-rhamnose from glucose 1-phosphate, the initial substrate (33) . In this study the gene order rmlBDAC was assigned based on comparisons with other similar sequences and the high level of identity (ranging between 80 and 91%) with other Enterobacteriaceae ( Table 2) .
Analysis of the orf6 coding sequence identified a gene product with 12 predicted transmembrane segments, similar to Oantigen transporters (14, 27) . This ORF protein displayed 27% identity to RfbX proteins of E. coli. When Orf6 was analyzed using the Blockmaker program, seven conserved motifs were revealed (of 30, 44, 12, 34, 24, 19 , and 37 amino acids, respectively). These consensus sequences were analyzed using PSI-BLAST. Other distantly related Wzx proteins were retrieved after three iterations. orf6 was therefore proposed to be an O-antigen transporter gene and was named wzx accordingly.
Orf7, -8, and -10 were similar to members of the group 1 glycosyltransferases (Table2b). In the former, 22% identity was observed compared to a functionally similar protein in E. coli. In the case of Orf8 and Orf10, both exhibited 30% identity to the WbsV and WbsW glycosyltransferases found in Shigella boydii. All three putative glycosyltransferase genes were designated wehE, wehF, and wehG, respectively (Fig. 3b) .
The protein encoded by orf9 had 11 predicted transmembrane segments, typical of O-antigen polymerases (10, 45) . When compared to similar Wzy proteins in Shigella boydii, Orf9 displayed 27% similarity. Five conserved motifs were revealed with Blockmaker (of 14, 10, 38, 13, and 22 residues). These consensus sequences were similar to those of other O-antigen polymerase genes in other organisms, including Shigella boydii (AAS98031) and Salmonella enterica (YP_217085). Based on these findings, orf9 was designated wzy.
Orf11 also belongs to the group 1 family of glycosyltransferases. This ORF protein also exhibited 30% identity to WbgM, a putative galactosytransferase responsible for catalyzing the formation of the ␣(1-3)-galactosyl linkage to GalNAc. orf11 encodes a putative gylcosyltransferase and is named wehH.
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to WcvF of Vibrio vulnificus, which is a characterized rhamnosyltransferase for sugar linkage that has been shown to be essential for capsule expression (37) . This ORF is proposed to encode a gylcosyltransferase and is designated wehI. As was evident in the corresponding O:1 antigen cluster, some of the genes in the O:2 locus are also linked through overlapping ORFs. The largest of these were between orf8 and orf9 (11 nucleotides) and orf11 and orf12 (11 nucleotides).
PCR assay to detect E. sakazakii O:1 and O:2 serotypes. Two glycosyltransferase genes, wehC (in serotype O:1) and wehI (in serotype O:2), located toward the 3Ј end of each cluster, were selected and compared against the current database entries. In silico analysis showed that both loci were unique and may be specific for O:1 and O:2 serotypes of E. sakazakii. To test this hypothesis, primer pairs were designed based on these genes and used to amplify internal regions of each ORF. The 62 study isolates, including both serotypes, together with 25 non-E. sakazakii members of the Enterobacteriaceae, were selected to determine the utility of these gene targets to reliably detect the two serotypes of E. sakazakii.
Amplicons were obtained from E. sakazakii strains corresponding to the two serotypes only. PCR products of 341 and 329 bp (Fig. 4) , corresponding to serotypes O:1 and O:2 and represented by the strains NCTC11467 (O:1) and NCTC8155 (O:2) (Table 1; Fig. 2 ), were obtained on each occasion. No PCR products were amplified from any of the non-O:1, non-O:2 E. sakazakii strains, nor from other members of the Enterobacteriaceae (data not shown).
When these PCRs were tested using mixtures of O:1 and O:2 DNA in combination with DNA purified from all of the E. sakazakii strains and other members of Enterobacteriaceae, in this study (Table 1) only the specific target amplicons for O:1 and O:2 were observed each time (data not shown). These data suggest that the assay is capable of detecting both serotypes.
Analysis of E. sakazakii LPS. The LPS profiles of 12 selected strains were determined. Proteinase K-prepared LPS followed by SDS-SDS-PAGE and visualization by silver staining was used to analyze the LPS profile in each case. Various numbers of bands and intensities were obtained (Fig. 5a and b ). An intensely stained low-molecular-mass band that migrated with a mobility similar to that of LPS from Salmonella enterica serotype Minnesota was common to all E. sakazakii strains and was predicted to be the lipid A core (located toward the end of each gel). O-antigen sugar repeats representing smooth LPS were visible for several strains. Some of these strains (e.g., NCTC 8155 in Fig. 5b, lane 3) showed a typical smooth (S) LPS profile with separation of bands of high molecular weight, consistent with an LPS structure containing an O-chain polysaccharide composed of a single, uniform, repeating glycoside residue.
All strains belonging to serotype O:2 exhibited a similar O-antigen chain length repeat distribution, with the exception of ATCC 12868 (Fig. 5b, lane 2) and E892 (an R-form strain). The former displayed bands that migrated faster and some that stained less intensely, while E892 appeared to lack O-antigen repeats and was identified accordingly as having an R-form LPS (Fig. 5b, lanes 2 and 5, respectively) .
Consistencies in S-form and O-antigen chain length repeat distribution were observed between serotype O:1 strains ATCC BAA-894 and 90, which displayed identical S-form LPS (Fig. 5a, lanes 2 and 6) . In contrast, CFS1001 showed an R-form LPS (Fig. 5a, lane 4) .
O-antigen sugar repeat similarities were identified for each serotype, such as strains CFS10 (O:2) and 90 (O:1), which, although of different intensities, shared three bands ranging from 26 to 31 kDa (Fig. 5a, lanes 5 and 6) . This suggested the conservation of polymer units between the two serogroups.
DISCUSSION
O-antigen gene clusters characterized previously for E. coli, Salmonella, and other members of the Enterobacteriaceae are located between the galF and gnd genes (33) . Based on data presented in this article, the genetic organization of the corresponding locus in the opportunistic neonatal pathogen E. sakazakii was similar to that found in related members of the Enterobacteriaceae. The O-antigen-encoding locus of 62 E. sakazakii strains was analyzed initially by PCR-RFLP. Based on the DNA restriction patterns obtained, two major groups within the species sakazakii were identified when the banding profiles were compared (Fig. 2) . These were designated serotypes O:1 and O:2, respectively, and are represented by the strains E. sakazakii NCTC 11467 (or ATCC 29544) and NCTC 8155 (or CDC 9081-75). The corresponding rfb-encoding regions were completely characterized. Both loci are the first of the E. sakazakii serotypes to be defined. An additional 9 potential serotypes, represented by 14 strains, were identified, and these were distinct from previously characterized serotypes O:1 and O:2 based on their corresponding PCR-RFLP profiles (Fig. 2) .
Analysis of the gene content and sequence similarities revealed two distinct clusters containing 11 unique ORFs. Typically all of these genes had a low GϩC content (Ͻ40%), a feature found previously in other O-antigen gene clusters (11, 15, 27, 30 /assembly/Enterobacter_sakazakii-4.0/), this divergence in GϩC content at both loci suggested that O:1 and O:2 antigen DNA may have originated from a species other than E. sakazakii. The locus was probably acquired relatively recently by lateral gene transfer (LGT). These genetic loci are thought to be subject to strong frequency-dependent selection linked to the avoidance of host defense systems and survival in the environment (29, 46) . Previous studies have shown recombination between O-antigen gene clusters of E. coli (5) , between those of E. coli and Klebsiella (39) , and between those of E. coli and Shigella (13) . Identical O-antigen gene clusters among different species have also been reported, and these are likely to originate from a common ancestor (33, 46) . In contrast, recent reports suggested that LGT is insertion sequence mediated (9) . In relation to E. sakazakii, it is not possible at this time to conclude whether or not this locus was acquired through LGT. Interestingly, our results show that strains CFS129 and E839 group into the same serotype (Table 1 ; Fig. 2 ). These strains are now reclassified as "Cronobacter malonaticus" and "Cronobacter sakazakii," respectively, and these data suggest that the same serotype may be represented by more than one species.
Of the 62 E. sakazakii isolates studied, 77% (representing 48 isolates) were subdivided into one of the two O-antigen locus types based on the MboII restriction digest patterns obtained. Furthermore, it was not possible to attribute any relationship to a given serotype and its corresponding biotype (data not shown). Enterobacter sakazakii is a taxonomically diverse group of organisms represented by at least five DNA:DNA hybridization groups (20) . According to this recently proposed classification scheme, strains belonging to serotypes O:1 and O:2 all belong to the same DNA:DNA hybridization group, proposed as "Cronobacter sakazakii comb. nov.," while none of the other "Cronobacter" species belong to either serogroup (Fig.  2) . Moreover, DNA sequence comparisons using the Artemis tool (32) confirmed the distinct genetic composition associated with serotypes O:1 and O:2 (data not shown). Each O-antigen locus contained genes specific for sugar synthesis, located toward the proximal end of the locus, along with genes encoding the O-unit flippase (wzx) and O-antigen polymerase (wzy).
Closer analysis of the gene content of both O-antigen clusters identified genes responsible for dTDP-sugar biosynthetic pathways. L-rhamnose and 3-acetamidofucose, both 6-deoxyhexose sugars, are synthesized from glucose-1-phosphate as dTDP sugars in NCTC11467 (O:1) and NCTC8155 (O:2), respectively. Similar genes were previously found in many bacteria (33) and in Aneurinibacillus thermoaerophilus for 3-acetamidofucose (28) .
O-antigen processing genes and related glycosyltransferases often display low levels of primary structure similarity (33) . This is particularly evident for glycosyltransferases. Indeed, the precise function of only a limited number of putative glycosyltransferases has been elucidated. Based on our sequence analysis, we proposed functions for the three glycosyltransferases from O:1 and the five glycosyltransferases from O:2. The Oantigen processing genes, wzx and wzy, encode typical inner membrane proteins, with Wzx containing 12 transmembrane segments and Wzy proteins containing 11 transmembrane segments (27, 45) . These characteristics, along with the identification of conserved motifs, support their identification in E. sakazakii serotypes O:1 and O:2.
A number of acetyltransferases were also identified in the O-antigen region of NCTC 11467 which are associated with the modification of the O-subunit structure. In many cases acylation defines the serotype, and this has been shown to have an effect on the host-microbe interaction for bacteria (22, 36) .
orf10 from NCTC 11467 was not homologous to any nucleotide or amino acid sequence when subjected to BLAST analysis. Therefore, no function could be assigned to this ORF based on sequence homology at this time.
This study also identified two specific E. sakazakii O:1 and O:2 O-antigen regions, which form the basis for the development of molecular detection assays for the identification of both serotypes. Previous studies have reported the successful use of genes within the O-antigen gene cluster as molecular markers for the identification of specific bacterial serotypes (3, 14, 15) . In our analysis, we carried out extensive BLAST searches of the current databases and determined that wehC and wehI were unique to E. sakazakii and that both loci were also highly polymorphic. On this basis, these genes were selected as serotype-specific markers for detection of E. sakazakii serotypes O:1 and O:2, respectively. The PCR assays reported here may represent a convenient way to monitor the occurrence of the E. sakazakii O:1 and O:2 serotypes among clinical, environmental, and food isolates.
Bacteria can on occasion switch between smooth (S) and rough (R) forms. These forms arise following mutations in one or more genes controlling synthesis and polymerization (7) . Amplification and subsequent RFLP analysis provided no clues as to whether an isolate exhibited an S or R form. As an example, the clinical strain E892 produced a DNA amplicon of similar size along with a MboII fragment pattern identical to those of other E. sakazakii O:2 serotypes; however, this strain had an R-form LPS, as determined by SDS-PAGE (Fig. 5b,  lane 5) . Interestingly, an ORF located 228 bp downstream of gnd in ATCC BAA-894 was identified which shared 83% similarity to wzzB, the O-antigen chain length-determining gene of Shigella flexneri (data not shown). Franco et al. (16) showed that O-antigen chain heterogeneity in E. coli was a result of amino acid substitutions in the Wzz protein. This could explain differences in chain length seen in E. sakazakii and/or that some LPS profiles appeared rough due to bands staining at a low intensity.
The loss of O-antigen subunits corresponded to the appearance of R-form LPS and increased cell surface hydrophobicity. Additionally, the growth temperature can influence the organization of LPS, and this could explain the appearance of R-form LPS in some strains. al-Hendy et al. (1) showed a decrease in O-antigen expression in Yersinia enterocolitica at 37°C compared to that in strains cultured at 25°C, while no differences were shown in an E. coli clone grown at these temperatures. These observations could suggest the presence of a thermally induced regulatory gene located outside the O-antigen locus in the former, while a similar gene was absent in E. coli. The presence of such a locus controlling the expression of the O-antigen region could explain the appearance of different forms of O antigen within the same E. sakazakii serotype. The most successful of bacteria are those that can modulate their surface according to their environment. Entero- bacter sakazakii is an environmental bacterium (21) whose phenotypic plasticity would serve to aid adaptation and competitive fitness.
In conclusion, we have described the first characterization of two rfb-encoding loci defining two serotypes, O:1 and O:2, in E. sakazakii. These data should serve to further our understanding of this emerging neonatal pathogen. Serotype-specific genes were identified and were used to develop a PCR assay. Based on these primer pairs, these gene targets could be used to identify E. sakazakii serotype O:1 and O:2 strains from environmental, food, and clinical sources, contributing to the protection of neonates.
